We previously reported the apparent formation of matrix adducts of 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid or SA) via covalent attachment to disulfide bond-containing proteins (HdeA, Hde, and YbgS) from bacterial cell lysates ionized by matrix-assisted laser desorption/ionization (MALDI) time-of-flight-time-of-flight tandem mass spectrometry (TOF-TOF-MS/MS) and post-source decay (PSD). We also reported the absence of adduct formation when using α-cyano-4-hydroxycinnamic acid (CHCA) matrix. Further mass spectrometric analysis of disulfide-intact and disulfide-reduced over-expressed HdeA and HdeB proteins from lysates of gene-inserted E. coli plasmids suggests covalent attachment of SA occurs not at cysteine residues but at lysine residues. In this revised hypothesis, the attachment of SA is preceded by formation of a solid phase ammonium carboxylate salt between SA and accessible lysine residues of the protein during sample preparation under acidic conditions. Laser irradiation at 355 nm of the dried sample spot results in equilibrium retrogradation followed by nucleophilic attack by the amine group of lysine at the carbonyl group of SA and subsequent amide bond formation and loss of water. The absence of CHCA adducts suggests that the electronwithdrawing effect of the α-cyano group of this matrix may inhibit salt formation and/or amide bond formation. This revised hypothesis is supported by dissociative loss of SA (−224 Da) and the amide-bound SA (−206 Da) from SA-adducted HdeA and HdeB ions by MS/MS (PSD). It is proposed that cleavage of the amide-bound SA from the lysine side-chain occurs via rearrangement involving a pentacyclic transition state followed by hydrogen abstraction/ migration and loss of 3-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-ynal (−206 Da).
Introduction

S
ince its inception in 1987, matrix-assisted laser desorption/ionization (MALDI) has had a dramatic impact on the science of mass spectrometry and its application to the analysis of biomolecules and other natural and synthetic compounds [1, 2] . As the number of applications utilizing MALDI increase [3] [4] [5] [6] [7] [8] , matrix development and selection play a significant role in optimizing this technique for a particular application [9] [10] [11] . MALDI time-of-flight mass spectrometry (TOF-MS) has become a particularly innovative technique for analysis of microorganisms [12] [13] [14] [15] [16] [17] [18] [19] [20] . A number of commercially available software applications have come to market that utilize pattern recognition algorithms to taxonomically "fingerprint" microorganisms from their MALDI-TOF-MS profile [21] . In addition, genomic sequence data has been linked to the mass-to-charge (m/z) of protein ions observed in MALDI-TOF-MS to allow a bioinformatic approach to microorganism identification [22] [23] [24] [25] .
Further development of TOF technology led to tandem TOF or TOF-TOF instruments [26, 27] . Although initially developed as a high throughput platform for bottom-up proteomics, MALDI-TOF-TOF instruments are increasingly utilized for top-down proteomic identification of non-digested proteins using either in-source decay (ISD) [28] [29] [30] or post-source decay (PSD) [31] [32] [33] [34] [35] [36] . As ISD and PSD occur in different regions of the mass spectrometer there are significant differences in ion fragmentation and polypeptide backbone cleavage. MS/MS (PSD) results in lower energy fragmentation channels resulting in cleavage at the C-terminal side of aspartic acid (D) and glutamic acid (E) as well as the N-terminal side of proline (P) residues (although other cleavage sites can occur). The time from desorption/ionization to protein ion fragmentation is dependent on the amount of energy deposited into a protein during the desorption/ionization as well as any ion-molecule collisions that subsequently occur in the gas phase. Direct photon absorption by a protein in the gas phase during the laser pulse is also possible and can boost fragmentation. The most commonly used laser wavelengths are 337 nm (nitrogen) and 355 nm (third harmonic of YAG). In addition, the optical absorption characteristics of MALDI matrices vary as a function of wavelength [37, 38] .
Matrix adduction to analytes is a problem that sometimes occurs with MALDI. The presence of adducts is often dependent on the chemical composition of the matrix and the analyte. A number of groups have reported adduction of MALDI matrices to disulfide containing peptides and proteins [39] [40] [41] [42] . In an extensive study of peptides and digested proteins having disulfide bonds, Liu and coworkers were able to demonstrate covalent attachment of α-cyano-4-hydroxycinnamic acid (CHCA) (and other matrices) under disulfide reducing conditions at high pH. They proposed a base catalyzed Michael addition reaction occurring in solution with nucleophilic attack of a thio-enolate anion at the β-carbon of the CHCA matrix resulting in a mass increase of +189 Da. CHCA and α-cyano-3-hydroxycinnamic acid were found to be the most reactive matrices due to the electron withdrawing effect of the α-cyano group facilitating the reaction. Other matrices (SA, ferulic acid, and caffeic acid) were significantly less reactive under these conditions [39] .
In a previous communication [42] , we reported the apparent covalent attachment and dissociative loss of sinapinic acid (SA) to/from cysteine residues in disulfide bond-containing proteins (HdeA, HdeB, and YbgS) extracted from bacterial cell lysates of E. coli at low pH and under non-disulfide reducing conditions. Covalent attachment was assumed to occur at cysteine residues as only proteins having disulfide bonds appeared to show evidence of SA adduction. We also reported the absence of attachment or adduction when using CHCA matrix. We have conducted further MALDI-TOF-MS and MALDI-MS/MS (PSD) experiments to further examine this phenomenon using an E. coli strain in which hdeA or hdeB was transcribed exogenously on a plasmid under the control of an inducible promoter in order to boost expression and thus protein ion intensity by MALDI. The higher intensity of HdeA and HdeB ions (compared with ionization from lysates of wild-type E. coli strains [42] ) reveal two types of SA adduction: covalently-bound SA as well as SA bound by electrostatic forces. MS/MS (PSD) reveals dissociative loss of both types of adduction. On the basis of these results, a revised hypothesis of SA attachment is proposed: namely that covalently-bound SA is attached by an amide bond to the side chain of lysine residues in HdeA and HdeB as a result of solid phase ammonium carboxylate salt formed during sample preparation. The intense heating and/or irradiation accompanied by the laser pulse of the dry sample spot lead to equilibrium retrogradation of the salt complex followed by nucleophilic attack of the side-chain amine of lysine at the carboxylic acid resulting in amide bond formation and loss of water (dehydration). SA bound by electrostatic forces is the ammonium carboxylate salt transferred into the gas phase. The continued lack of reactivity of CHCA in these experiments (as well as earlier experiments [42] ) suggests that the electron-withdrawing effect of the α-cyano group of CHCA may inhibit ammonium carboxylate salt formation and/or amide bond formation. The previous hypothesis of covalent attachment of SA at the side-chain of cysteine residues does not appear to be correct based on these more definitive experiments.
Experimental
Construction of Escherichia coli K-12 Strain that Overexpresses HdeA or HdeB
To achieve high production of HdeA or HdeB in E. coli, the hdeA or hdeB gene of E. coli K-12 strain MG1655 (ATCC 700926) was cloned in the expression vector pBAD18 (GenBank accession number, X81838) between the restriction sites KpnI and HindIII, resulting in plasmid pXQ14 and pXQ10, respectively. The plasmids were then transformed in strain MQC203, a hdeAB deletion mutant of K-12 strain MG1655 [36] , generating strains MQC248 and MQC238, respectively. Since the transcription of hdeA and hdeB was under control of the P BAD promoter, high expression of HdeA or HdeB was achieved in the presence of the inducer arabinose.
Three 50 mL conical tubes containing 25 mL of LuriaBertani (LB) broth were individually inoculated with frozen stock of E. coli (strain K-12) carrying pBAD18 plasmids with one of the following gene inserts: hdeA or hdeB. The tubes were incubated for 6 h at 37°C (static). An aliquot of 100 μL from each suspension was then spread onto a separate LB agar plate supplemented with 50 μg/mL of carbenicillin and 0.3 %L-arabinose. The plates were incubated overnight at 37°C.
Sample Preparation for MALDI
Samples were prepared for MALDI analysis as described previously [34] [35] [36] . Briefly, a 1 μL sterile loop was used to harvest cells from each plate after overnight culturing and transferred to an O-ring lined, 2 mL screw-cap tube containing 300 μL of extraction solution (either 300 μL water or 300 μL of 67 % water, 33 % acetonitrile and 0.2 % trifluoroacetic acid [TFA]) and~40 mg of 0.1 mm zirconia/ silica beads. All solvents were HPLC grade. The sample tube was then tightly capped and bead-beat for 1 min (Biospec Products Inc., Bartlesville, OK, USA) followed by centrifugation at 16,000g for 1 min.
Disulfide reduction was performed using either dithiothreitol (DTT) (Sigma, St. Louis, MO, USA) or Tri-(2-carboxyethyl)phosphine (TCEP) (G-Biosciences, St. Louis, MO, USA, cat. #786-231). For DTT reduction, 1 μL of 1 M DTT was added to 20 μL of cell lysate supernatant (water extraction), briefly vortexed, and centrifuged for 30 s at 16,000g. The sample was then incubated for 70°C for [43] . A 0.5 μL aliquot of sample supernatant was spotted onto a 384-spot stainless steel target and allowed to dry at room temperature. The dried sample spot was then overlaid with a saturated solution (67 % water, 33 % acetonitrile, and 0.2 % TFA) of either α-cyano-4-hydroxycinnamic acid (CHCA) or 3,5-dimethoxy-4-hydroxy-cinnamic acid (i.e., SA) and allowed to dry at room temperature.
Mass Spectrometry Analysis
Data was collected in MALDI-MS linear mode and MALDI-MS/MS (PSD) reflectron mode as described previously using a 4800 plus MALDI-TOF-TOF instrument (AB SCIEX, Foster City, CA, USA) [34] [35] [36] . MS linear mode was externally calibrated with a protein mixture of lysozyme, myoglobin and cytochrome-c. MS/MS (PSD) reflectron mode was externally calibrated with disulfide-reduced and alkylated thioredoxin [44] . Analytes were ionized using the third harmonic (355 nm) of a solid state Nd:YAG pulsed laser (18 μJ/pulse, repetition rate: 200 Hz). Laser fluence was typically in the range of 2600 to 4600 arbitrary units (AU). After a laser pulse (width: 5 ns) and a time delay, ions were accelerated from the first source at 20 kV and detected by a multi-channel plate (MCP) detector in MS linear mode. Typically, 1000 laser shots were acquired and summed in MS linear mode.
For MS/MS reflectron mode, a significantly higher laser fluence was utilized (6500 AU) during desorption/ionization in order to facilitate post-source decay (PSD). Ions were then accelerated from the first source at 8 kV. A timed ion selector (TIS) was used to isolate a pre-selected precursor ion using an acceptance window of analyte mass ±100 Da (unless otherwise noted). The isolated precursor ions were then decelerated to 1 kV before entering the collision cell. As no target gas was introduced into the collision cell, any fragmentation of the precursor ion was due to PSD. Ions were then accelerated from the second source at 15 kV. A precursor ion suppressor was used to "gate" any remaining precursor ions. Fragment ions were reflected and focused by the reflectron ion optics and detected by the reflectron MCP detector. For each MS/MS (PSD) experiment, 10 k laser shots were acquired and summed.
Raw MS data was subjected to noise filtering (correlation factor: 0.7). MS/MS (PSD) data was subjected to an advance baseline correction (peak width: 32, flexibility: 0.5, degree: 0.1) followed by noise removal (standard deviations to remove: 2) followed by Gaussian smoothing (filter width: 31 points). MS/MS (PSD) fragment ions were assigned by manual comparison to their average theoretical mass-tocharge (m/z) values as calculated by GPMAW ver. 8.01 a5 (Lighthouse Data, Odense, Denmark). Figure 1a shows the MALDI-TOF-MS spectrum (as ionized using CHCA) of a unfractionated cell lysate of strain MQC248. The peak at m/z 9740 is the singly charged HdeA whose value is the same nominal mass to its theoretical value of m/z 9739.9. Figure 1b shows the MALDI-TOF-MS spectrum (ionized using SA) of the same cell lysate, which shows the HdeA ion with a m/z of 9746. Unlike ionization by CHCA, several satellite peaks are also observed adjacent to the HdeA peak. Inserts of expanded m/z ranges of these satellite ions are shown. The most prominent satellite ion is found to be 212.2 Da higher in m/z to that of the HdeA ion. A second less abundant ion is found to be 225.7 Da higher in m/z than the HdeA ion. A further m/z range expansion shows what appears to be multiple adduct formation. Figure 2 shows the tandem mass spectrum (PSD) of the peak at m/z 9746 (HdeA) shown in Figure 1b . The high intensity of the HdeA precursor ion results in a significantly improved fragment ion intensity in contrast with our previous work analyzing a cell lysate of a wild-type E. coli strain [42] . Selected expanded m/z ranges are shown in Figure 2 as well as the amino acid sequence of HdeA (without its N-terminal signal peptide). Two cysteine residues are boxed to highlight the presence of an intramolecular disulfide bond. Asterisks inserted in the sequence denote polypeptide backbone fragmentation at that location, and the resulting b-or y-type fragment ions generated are shown above and/or below the cleavage site in the sequence. A b-or y-type ion with a ψ superscript indicates that this fragment ion is part of a fragment ion triplet resulting from cleavage of the polypeptide backbone between the two cysteine residues and symmetric and asymmetric cleavage of the disulfide bond. In addition to b-and y-type ions, we also observe single and multiple losses of ammonia (−17, -34) as well as loss of water (−18).
Results and Discussion
In Figure Figure 3 shows the tandem mass spectrum (PSD) of the satellite ion peaks at m/z 9958 and 9971 shown in Figure 1b . As the TIS gate does not have sufficient resolution to isolate these ions separately, the MS/MS (PSD) fragment ions shown could potentially be considered as originating from either (or both) of these precursor ions. Once again, expanded inserts of selected m/z ranges are shown in Figure 3 as well as the amino acid sequence of HdeA highlighting sites of backbone cleavage and the resulting fragment ions. The most striking observation is the appear- Figure 1b ], this discrepancy may be due to differences in desorption velocity of the analytes, differences that are more apparent in MS linear mode than in MS/MS reflectron mode. Previously, we observed mass differences between HdeA and amide-SAHdeA of 209 Da when ionized from lysates of wild-type E. coli strains [42] . Alternatively, the discrepancy could be due to when amide bond formation occurs. If the amide bond forms (with water loss) in the gas phase and during ion acceleration from the 1st source then, the mass of the amide bound-SA-HdeA ion will correspond to a value that is less than M+224 Da but more than M+206 Da. Thus, the observed mass of the amide-SA-HdeA would be affected by the time at which an amide bond is formed which is dependent on the internal energies in a population of stable and metastable SA-HdeA ions.
Beyond the additional fragment ions noted and the weaker fragment ion signal, there is a great deal of similarity between the tandem mass spectra in Figures 2 and 3 . Figure 3d also shows the presence of fragment ion triplets albeit with weaker signal intensity than that found in Figure 2 . The striking similarity of Figures 2 and 3 as well as the presence of fragment ion triplets in Figure 3 suggests that covalent attachment of SA to HdeA is unlikely to have occurred at either of the two cysteine residues. If it had, the fragment ion triplets would not be present in Figure 3 . In consequence, the SA attachment must be occurring at another residue.
Scheme 1 outlines a possible explanation for SA attachment. Unlike our previous hypothesis of covalent attachment at the side chain of cysteine residues [42] , we have concluded that the attachment is more likely to occur at the side-chain of lysine residues (and the N-terminus) as a result of formation of a solid phase ammonium carboxylate salt during the MALDI sample preparation. We propose that the rapid heating and/or dipole/electromagnetic interaction during the laser pulse result in equilibrium retrogradation of the dry salt followed by nucleophilic attack of the lysine amine at the carbonyl carbon of the SA resulting in amide bond formation with concomitant loss of water (dehydration) [45] [46] [47] . Such a mechanism was proposed for amide bond formation by microwave irradiation of neat mixtures of primary amines and carboxylic acids where it was proposed that a transition state dipole/electromagnetic interaction (i.e., a non-thermal process) was primarily responsible for facilitating amide bond formation [46] . In any case, amide bond formation by thermal heating of a carboxylic acid and an amine has been known for many years although it was found to be an inefficient reaction [47] . The low efficiency of this reaction is consistent with the relative abundances of the HdeA peak and the satellite adduct peaks in Figure 1b . HdeA has 12 lysines, and if one includes the N-terminus, there are 13 potential sites for salt/amide formation assuming all sites are accessible to the matrix. HdeB has 8 lysines, and if one includes the N-terminus, there are nine potential reaction sites. The high number of lysine residues could explain why adduction is prominent for these two proteins. We have previously detected similar adduct attachment to lysine-containing bacterial proteins (B-subunit of Shiga toxin 2 of E. coli and DNA binding protein HU of Campylobacter jejuni) when using caffeic acid (at 355 nm) and ferulic acid (at 337 nm), respectively [43, 48] .
Scheme 1 also outlines mechanisms for dissociative loss of SA from HdeA and the amide-bound SA-HdeA. Electrostatic forces would allow the ammonium carboxylate salt complex to survive its transfer into the gas phase resulting in a SA-HdeA adduct ion peak~224 Da higher in mass to that of the HdeA ion peak. Dissociative loss of the electrostatically bound SA carboxylate could occur as a result of simple equilibrium retrogradation caused by vibrational excitation. Dissociative loss of the amide-bound SA is similar to the mechanism originally proposed in our previous communication [42] (i.e., dissociative loss via formation of a pentacyclic transition state followed by hydrogen abstraction and hydrogen migration resulting in loss of 3-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-ynal (−206 Da), except that it is occurring from the side-chain of a lysine (not a cysteine residue). The lack of CHCA adduction is due, presumably, to the absence of salt formation and/or amide bond formation as a result of the electron withdrawing effect of the α-cyano group. It is interesting to note that under disulfide bond-reducing conditions and at high pH in solution, CHCA is quite reactive as an adduct (in contrast to SA), and that once again the α-cyano group appears to plays critical role in determining this reactivity [39] .
The mechanisms as outlined in Scheme 1 would appear to be consistent with the fragment ions observed by MS/MS (PSD) in Figures 2 and 3 , which were conducted with a TIS window of ±100 Da, which was adequate resolution to exclude the more abundant HdeA ion from contributing fragment ions to the SA-HdeA MS/MS (PSD) experiment (and vice versa). However, to further eliminate any possibility of HdeA fragment ion "spillover," we conducted a series of MS/MS (PSD) experiments decreasing the TIS window (in 25 Da increments) on the lower mass side of the SA-HdeA ion peak to determine the effect, if any, on the relative abundances of fragment ions with and without attached adducts. We observed no significant variation in the relative abundances of the non-adducted versus adducted fragment ions as a function of TIS window narrowing suggesting that all fragment ions in Figure 3 originated from PSD of SA-adducted-HdeA precursor ions (Supplemental Figure 1) and not from fragment ion spillover of metastable HdeA ions. In order to further confirm our hypothesis of SA attachment at a residue other than cysteine, the HdeA p rotein was reduced with DTT and the HdeA ion analyzed by MS/MS (PSD) shown in Figure 4 . As expected, the linearized structure of disulfide-reduced HdeA results in a significantly different fragmentation pattern than that of the disulfide-intact HdeA shown in Figure 2 . In particular, the flanking fragment ions of each fragment ion triplet are now absent in Figure 4 , and what was previously the center fragment ion of each triplet is not only present, but dramatically increased in relative abundance compared to its abundance in the disulfide-intact HdeA tandem mass spectrum in Figure 2 . Figure 5 shows the tandem mass spectrum (PSD) of the disulfide-reduced SA-HdeA adduct ions. Once again, there is a great deal of similarity between the tandem mass spectra of the disulfide-reduced SA-HdeA precursor ion and the disulfide-reduced HdeA precursor ion shown in Figure 4 . However, Figure 5 also shows additional adduct-related fragment ions (SA-HdeA and amide-bound SA-HdeA) that appear higher in mass (+224 Da and +206 Da, respectively) to that of the non-adducted fragment ions. Supplemental Figure 2 shows the effect of narrowing the TIS window on the lower mass side of the disulfide-reduced SA-HdeA precursor ions. Narrowing the TIS window had no significant effect on the relative abundance of adducted versus non-adducted fragment ions suggesting that fragment ion spillover from metastable HdeA was not occurring to any significant degree.
Supplemental Figure 3a shows the MALDI-TOF-MS spectrum (as ionized by CHCA) of a un-fractionated cell lysate of MQC238. The singly charged HdeB ion is shown at m/z 9064 whose nominal value is the same as its theoretical value of m/z 9064.3. Supplemental Figure 3b shows the MALDI-TOF-MS spectrum (as ionized using SA) of the same cell lysate that now shows the HdeB ion at m/z of 9070. Satellite ion peaks, once again, appear at~213 and 225 higher m/z to that of the HdeB ion. These satellite ion peaks do not appear when ionizing with CHCA (insert).
Supplemental Figure Figure 4d , and designated with their corresponding b/y ion pair. Also, it is of interest to note that these two double backbone cleavage fragment ions are also not accompanied by dissociative loss of ammonia or water unlike many single backbone cleavage fragment ions. This may be due to insufficient internal energy to undergo further dissociation after two backbone cleavages of the ion. Like HdeA, HdeB has an intramolecular disulfide bond between its two cysteine residues (boxed). A b-or y-type fragment ion with a ψ superscript indicates that this fragment ion is part of a fragment ion triplet resulting from cleavage of the polypeptide backbone between the two cysteine residues and symmetric and asymmetric cleavage of the disulfide bond. Fragment ion triplets are highlighted by a curly bracket in the spectra. The center fragment ion of each triplet (symmetric disulfide cleavage) is identified by its corresponding b-or y-type designation, and the flanking fragment ions of each triplet arẽ ± 33 Da from the center fragment ion. We observe an unusual number of backbone cleavages close to the cysteine near the Cterminus as shown in the insert in Supplemental Figure 4a . Concomitantly with the y 22 fragment ion, only asymmetric cleavage of the disulfide bond (−33 Da) was observed presumably due to its proximity to the disulfide bond. A single a-type ion was assigned at m/z 6308.4 which is of interest because this was the only a-type fragment ion observed by MS/MS (PSD) for HdeA and HdeB.
Supplemental Figure 5 shows the tandem mass spectrum (PSD) of the putative adduct satellite ion peaks at m/z 9283 and, by default, m/z 9295 shown in Supplemental Figure 3b . The weaker signal intensity of these putative adducted HdeB ions results in a poorer MS/MS (PSD) fragment ion signal. However, we were still able to assign some of the more prominent fragment ions (i.e., b 61 , y 72 , and b 76 ) having no adduct and/or a SA adduct (+224 Da) and/or an amidebound SA adduct (+206 Da).
Supplemental Figure 6 shows the effect of decreasing the TIS window (in 25 Da increments) on the low mass side of m/z 9283 precursor ion. As shown, we observe what appears to be some effect of TIS window narrowing on the relative intensity of fragment ions (e.g., m/z 6972 and m/z 7189), however, because of the poor MS/MS (PSD) fragment ion signal intensity, it is not clear whether this effect is indicative of fragment ion spillover from metastable HdeB ion.
Supplemental Figure 7 shows the MS/MS (PSD) disulfide-reduced HdeB ion (m/z 9072) ionized from a TCEPreduced sample. Like HdeA, we observe a dramatic change in the fragmentation pattern for disulfide-reduced HdeB compared with disulfide-intact HdeB (Supplemental Figure 4) . The center fragment ion of each triplet in Supplemental Figure 4 is now, in Supplemental Figure 7 , the most abundant fragment ion in the spectrum which suggests the powerful effect of the disulfide bond on internal energy re-distribution and polypeptide backbone cleavage in the gas phase. The flanking fragment ions of each triplet are either eliminated or greatly reduced.
Supplemental Figure 8 shows the tandem mass spectrum (PSD) of an adduct peak at m/z 9284 (and by default another adduct peak at m/z 9297) using a TIS window of ±100 Da. Once again, we observe fragment ions without an adduct, with an amide-bound SA adduct (+206 Da) and/or a SA adduct (+224 Da).
Supplemental Figure 9 shows the effect of decreasing the TIS window (in 25 Da increments) on the low mass side of the precursor ion at m/z 9284. We observe no effect on TIS window narrowing on the relative abundance of a fragment ion without an adduct to that of the fragment ion with an adduct suggesting that the fragment ion sans adduct is the result of dissociative loss from an adduct-attached precursor ion and not from fragment ion spillover from the metastable reduced HdeB ions.
Conclusions
Detailed MALDI-TOF-MS and MALDI-MS/MS (PSD) analysis of disulfide-intact and disulfide-reduced forms of HdeA and HdeB bacterial proteins ionized using CHCA and SA matrices suggest that SA is attaching at the side-chain of lysine residues (not at the side-chain of cysteine residues as previously hypothesized). The mechanism of this attachment is postulated to occur as a result of formation of a solid phase ammonium carboxylate salt during MALDI sample preparation at low pH and under disulfide bond reducing or non-reducing conditions. We postulate that rapid heating of the dry sample spot by laser irradiation at 355 nm leads to equilibrium retrogradation followed by nucleophilic attack of the lysine amine at carbonyl group of SA followed by amide bond formation and loss of water (dehydration). Dissociative loss of the amide-bound SA is postulated to occur via a pentacyclic transition state, rearrangement/ fragmentation and dissociative loss of 3-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-ynal (−206 Da) by a mechanism similar to that proposed earlier for dissociative loss from a cysteine residue. Dissociative loss of the electrostaticallybound SA carboxylate would occur as a result of simple equilibrium retrogradation. These gas phase dissociative mechanisms are consistent with the low energy fragmentation channels that occur by PSD. The lack of matrix adduction when using CHCA may be due to the electronwithdrawing α-cyano group disfavoring ammonium carboxylate salt formation and/or amide bond formation. Finally, expressing a gene exogenously under a strong promoter results in over-expression of the target protein and, in consequence, a strong protein ion signal by MALDI from an un-fractionated cell lysate. The strong protein ion signal results in a significant improvement in identification of MS/ MS (PSD) fragment ions. By this approach, we were able to identify many more of the less-abundant fragment ions including fragment ion triplets, multiple losses of water and/ or ammonia, as well as fragment ions resulting from double cleavage of the polypeptide backbone.
